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Abstract 
 
The present work focuses on the study of biomass gasification process for 
generating hydrogen rich synthetic gas with oxy-steam as reactants using experiments and 
modeling studies. Utilization of the syngas as a fuel in general applications like fuel cells, 
Fischer-Tropsch FT) process and production of various chemicals like DME, etc. are 
being considered to meet the demand for clean energy. 
This study comprises of experiments using an open top down draft reactor with 
oxygen and steam as reactants in the co-current configuration. Apart from the standard 
gasification performance evaluation; parametric study using equivalence ratio, steam-to-
biomass ratio as major variables towards generation of syngas is addressed towards 
controlling H2/CO ratio.  The gasification process is modeled as a packed bed reactor to 
predict the exit gas composition, propagation rate, bed temperature as a function of input 
reactants, temperature and mass flux with variation in thermo-physical properties of 
biomass. These results are compared with the present experiments as well as those in 
literature.  
Experiments are conducted using modified open top downdraft configuration 
reactor with lock hoppers and provision for oxy-steam injection, and the exit gas is 
connected to the cooling and cleaning system. The fully instrumented system is used to 
measure bed temperatures, steam and exit gas temperature, pressures at various locations, 
flow rates of fuel, reactants and product gas along with the gas composition. Preliminary 
investigations focused on using air as the reactant and towards establishing the packed 
bed performance by comparing with the experimental results from the literature and 
extended the study to O2-N2 mixtures. The study focuses on determining the propagation 
rate of the flame front in the packed bed reactor for various operating conditions. O2 is 
varied between 20-100% (vol.) in a mixture of O2-N2 to study the effect of O2 fraction on 
flame propagation rate and biomass conversion. With the increase in O2 fraction, the 
propagation rates are found to be very high and reaching over 10 mm/s, resulting in 
incomplete pyrolysis and poor biomass conversion. The flame propagation rate is found 
to vary with oxygen volume fraction as XO2
2.5
, and stable operation is achieved with O2 
fraction below 30%.  
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Towards introducing H2O as a reactant for enhancing the hydrogen content in the 
syngas and also to reduce the propagation rates at higher ER, wet biomass is used. Stable 
operating conditions are achieved using wet biomass with moisture-to-biomass 
(H2O:Biomass) ratio between 0.6 to 1.1 (mass basis) and  H2 yield  up to 63 g/kg of dry 
biomass amounting to 33% volume fraction in the syngas. Identifying the limitation on 
the hydrogen yield and the criticality of achieving high quality gas; oxy-steam mixture is 
introduced as reactants with dry biomass as fuel. An electric boiler along with a 
superheater is used to generate superheated steam upto 700 K and pressure in the range of 
0.4 MPa. Steam-to-biomass ratio (SBR) and ER is varied with towards generating 
hydrogen rich syngas with sustained continuous operation of oxy-steam gasification of 
dry biomass. The results are analysed with the variation of SBR for flame propagation 
rates, calorific value of product syngas, energy efficiency, H2 yield per kg of biomass and 
H2/CO ratio.  
Hydrogen yield of 104 g per kg of dry casuarina wood is achieved amounting to 
50.5% volume fraction in dry syngas through oxy-steam gasification process compared to 
air gasification hydrogen yield of about 40 g per kg of fuel and 20% volume fraction. 
First and second law analysis for energy and exergy efficiency evaluation has been 
performed on the experimental results and compared with air gasification. Individual 
components of the energy input and output are analysed and discussed. H2 yield is found 
to increase with SBR with the reduction in energy density of syngas and also energy 
efficiency. Highest energy efficiency of 80.3% has been achieved at SBR of 0.75 (on 
molar basis) with H2 yield of 66 g/kg of biomass and LHV of 8.9 MJ/Nm
3
; whereas H2 
yield of 104 g/kg of biomass is achieved at SBR of 2.7 with the lower efficiency of 65.6% 
and LHV of 7.4 MJ/Nm
3
. The energy density of the syngas achieved in the present study 
is roughly double compared to the LHV of typical product gas with air gasification. 
Elemental mass balance technique has been employed to identify carbon boundary at an 
SBR of 1.5. Controlling parameters for arriving at the desired H2/CO ratio in the product 
syngas have been identified. 
Optimum process parameters (ER and SBR) has been identified through 
experimental studies for sustained continuous oxy-steam gasification process, 
maximizing H2 yield, controlling the H2/CO ratio, high energy efficiency and high energy 
density in the product syngas. Increase in ER with SBR is required to compensate the 
reduction in O2 fraction in oxy-steam mixture and to maintain the desired bed temperature 
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in the combustion zone. In the range of SBR of 0.75 to 2.7, ER requirement increases 
from 0.18 to 0.3. The sustained continuous operation is possible upto SBR of 1.5, till the 
carbon boundary is reached. Operating at high SBR is required for high H2 yield but 
sustained highest H2 yield is obtained as SBR of 1.5. H2/CO ratio in the syngas increases 
from 1.5 to 4 with the SBR and depending on the requirement of the downstream process 
(eg., FT synthesis), suitable SBR and ER combination is suggested. To obtain high 
energy density in syngas and high energy efficiency, operations at lower SBR is 
recommended. 
The modeling study is the extension of the work carried by Dasappa (1999) by 
incorporating wood pyrolysis model into the single particle and volatile combustion for 
the packed bed of particles. The packed bed reactor model comprises of array of single 
particles stacked in a vertical bed that deals with the detailed reaction rates along with the 
porous char spheres and thermo-physical phenomenon governed by the mass, species and 
energy conservation equations.  
Towards validating the pyrolysis and single particle conversion process, separate 
analysis and parametric study addressing the effects of thermo-physical parameters like 
particle size, density and thermal conductivity under varying conditions have been studied 
and compared with the available results from literature. It has been found that the 
devolatilisation time of particle (tc) follows closely the relationship with the particle 
diameter (d), thermal conductivity (k), density () and temperature (T) as: 
𝑡𝑐
′ =
𝑡c
𝑇′1.8𝑘1.45𝑑0
1.5
 
where, 𝑡𝑐
′= normalised devolatilisation time 
The complete combustion of a single particle flaming pyrolysis and char 
combustion has been studied and validated with the experimental results. For the reactor 
modeling, energy, mass and species conservation equations in the axial flow direction 
formulate the governing equations coupled to the detailed single particle analysis. Gas 
phase reactions involving combustion of volatiles and water gas shift reaction are solved 
in the packed bed. The model results are compared with the experimental results from 
wood gasification system with respect to the propagation rate, conversion times, exit gas 
composition and other bed parameters like conversion, peak bed temperatures, etc.   
The propagation rates compare well with experimental data over a range of 
oxygen concentration in the O2- N2 mixture, with a peak at 10 mm/s for 100 % O2. In the 
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case of oxy-steam gasification of dry biomass, the results clearly suggest that the char 
conversion is an important component contributing to the bed movement and hence the 
overall effective propagation rate is an important parameter for co-current reactors. This 
is further analyzed using the carbon boundary points based on elemental balance 
technique. 
The model predictions for the exit gas composition from the oxy-steam 
gasification matches well with the experimental results over a wide range of equivalence 
ratio and steam to biomass ratio. The output gas composition and propagation rates are 
found to be a direct consequence of input mass flux and O2 fraction in oxy-steam mixture.  
The present study comprehensively addresses the oxy-steam gasification towards 
generating hydrogen rich syngas using experimental and model studies. The study also 
arrives at the parameters for design consideration towards operating an oxy-steam 
biomass gasification system. The following flow chart provides the overall aspects that 
are covered in the thesis chapter wise. 
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Experimental and modeling studies on hydrogen rich syngas production through oxy-steam gasification of biomass  
Chapter - 1 
• Current scenario – H2 
production, Gasification 
• Objectives of present work 
Chapter - 2 
• Experimental Setup 
and design 
• Methodology 
Chapter - 3 
• Experiments – O2-N2, O2-H2O 
• Result analysis and discussion 
Chapter – 5 (Single particle analysis) 
• Particle conversion time – inert/flaming conditions 
• Effects of temperature, particle size, density, 
thermal conductivity 
• Validation of modeling results with literature 
• Flame propagation rates, Stable operations 
• Effects ER and steam to biomass ratio- Gas composition 
• H2/CO ratio, Carbon boundary, exergy analysis 
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Chapter - 4 
• Modeling of the oxy-steam gasification system 
• Governing equations – formulation and solution 
procedure 
• Boundary/Interface conditions, Choice of parameters 
Chapter – 6 (Packed Bed analysis) 
• Flame propagation rate – O2-N2, O2-H2O, Carbon 
boundary 
• O2/H2O faction – H2 yield, H2/CO, Temperature 
•Validation with results in self-experiments 
